Food fermentations have enhanced human health since the dawn of time and remain a prevalent means of food processing and preservation. Due to their cultural and nutritional importance, many of these foods have been studied in detail using molecular tools, leading to enhancements in quality and safety. Furthermore, recent advances in high-throughput sequencing technology are revolutionizing the study of food microbial ecology, deepening insight into complex fermentation systems. This review provides insight into novel applications of select molecular techniques, particularly next-generation sequencing technology, for analysis of microbial communities in fermented foods. We present a guideline for integrated molecular analysis of food microbial ecology and a starting point for implementing next-generation analysis of food systems. [BMB Reports 2012; 45(7): 377-389]
INTRODUCTION
Fermented foods have constituted a significant proportion of the human diet globally since prehistory. These foods benefit consumers through enhanced nutritional content, digestibility, microbial stability, and in some cases detoxification (1-5), likely representing mankind's oldest means of food preservation. In addition, these foods often serve as vehicles for beneficial microorganisms that play a beneficial role in human health, as well as prebiotic substances, which promote the growth and healthmodulating activities of beneficial microbes in the human body (6). These foods are woven into the cultural fabric of the people who create them, and microbial fermentation remains a prominent means of food processing, enrichment, and preservation to the current day. Given the continued importance of fermented foods to the global population, much effort has been put towards describing the microbial communities responsible for different food fermentations to better improve and manipulate their production and safety. Molecular methods, relying on detection of nucleic acid sequences, have replaced traditional, culture-based detection methods for microbial community profiling due to their greater speed and accuracy−as most culture media bias for the growth of specific organisms, leading to distorted perspectives of microbial communities, even in simple microbial systems, such as food fermentations (7, 8) . Additionally, the stressful conditions of some food systems, particularly alcoholic fermentations, can induce a viable-but-not-culturable state in microorganisms, preventing culture-based detection (9, 10). This review will discuss current advances in molecular technology for studying food fermentations worldwide and present strategies for continued studies of global fermentations. This will not be a comprehensive review of all molecular profiling techniques, but will contrast a few leading technologies and, In particular, focus on the cutting-edge DNA sequencing technologies that are revolutionizing the study of food microbial ecology (Table 1 ).
MOLECULAR TOOLS Targeted tools
A targeted profiling method is any technique that detects a taxonomically defined group of microbes, e.g., all bacteria, a specific species, or a specific strain. A multitude of targeted techniques exist, but the two discussed below are the principal methods employed in modern microbial ecology, particularly of foods. The principal issue of these and all targeted methods is that they can only quantify populations targeted by the selected primer or probe, so cannot distinguish subpopulations (without using additional probes) and cannot detect non-target populations. Therefore, these are not comprehensive profiling techniques (i.e., they do not characterize a complete microbial ecosystem), but are used to track functionally important members of a given ecosystem.
Fluorescence in situ hybridization (FISH)
Fluorescence in situ hybridization (FISH) is a culture-independent, PCR-free technique for directly visualizing microbial cells in a sample. This method utilizes fluorescence-labeled oligonucleotide probes targeting specific DNA sequences, usually re- gions of rDNA, unique for discrete microbial taxa. Multiple probes can be multiplexed to enable simultaneous detection and enumeration of several targets in a mixed community, provided each is labeled with a different fluorophore exhibiting a unique emission spectrum. Cells are fixed and permeabilized in situ, incubated in the presence of the probe(s) to facilitate hybridization, and then observed directly by fluorescence microscopy or counted via flow cytometry if suspended in a fluid. This technique has become popular for profiling microbial communities as it avoids the challenges and biases of culturing and PCR, and additionally allows observation of target cells within their native environment, a feature with exciting applications to food fermentations. The only major issues with using FISH for microbial profiling is that it is not a high-throughput method and is not an efficient means of enumerating cells compared to quantitative PCR (QPCR). This is because only a few probes may be used simultaneously to avoid overlapping emission wavelength, and counting technology is either low-throughput (microscopy) or high-cost (flow cytometry). For more information regarding the design and use of FISH probes, readers are directed to the review of Bottari et al. (11) . FISH has been used to monitor microbial communities in a number of fermented foods, including yeasts and bacteria in wine (12-14), beer (15), and cheese (16-18). Ercolini and coworkers (19) designed a FISH procedure for in situ observation of bacteria in Stilton cheese. By embedding the cheese in a plastic resin, microsections could be removed and hybridized, enabling visualization of the spatial distribution of several bacterial species throughout the cheese (19). To the authors' knowledge, this is the only use of this novel strategy for studying any fermented food, but FISH has been used for other studies of microbial distribution in a solid matrix, e.g., of oral biofilms (20). While FISH is not a stand-alone method for microbial profiling, it presents a compelling complementary method for visualizing biogeography of microbial communities directly in their native environment and deserves more attention for the study of fermented foods, particularly those employing heterogeneous, solid-state fermentation, e.g., cheese, vegetable, meat, or seafood fermentations.
Quantitative PCR (QPCR)
Quantitative PCR (QPCR, also known as real-time PCR) has become an extremely popular technique for food microbiology testing and microbial ecology studies. In this review we will focus on novel applications of QPCR for the study of food microbiology and how advances in bioinformatics are increasing the utility of this and other molecular techniques. For a more thorough review of general methodology and applications of QPCR to food microbiology and food testing, the reader should consult the recent review of Postollec et al. (21) . QPCR incorporates the same principles of DNA replication used by PCR, but amplification is tracked in real-time using a fluorescent reporter molecule. A baseline threshold is determined, at which sample fluorescence can be distinguished from background noise. This is used to determine the threshold cycle (Ct) for each sample, at which fluorescence crosses the baseline threshold. A standard curve is constructed plotting Ct against gene copy number or cell count, and used to quantify unknown samples based on Ct. The result is an elegantly simple, rapid, and accurate means of tracking target cell or gene counts in samples. QPCR has seen widespread use for quantification of microbial populations in foods (21) and can be used to profile complex, mixed-culture fermentations. Beyond cell quantification, the detection of functional genes presents a novel use of this technique with interesting applications to food microbiology. For example, this technique has been used to detect biogenic amine-producing strains of lactic acid bacteria (LAB) in wines (22, 23), ciders (24), and cheeses (25, 26) by directly targeting the genes responsible for biogenic amine production. Ibarburu and coworkers (27) have developed an assay to quantify exopolysaccharide (EPS)-producing LAB (which cause slime-production, a defect in wines and other beverages) by targeting the glycosyltransferase gene controlling EPS synthesis. QPCR of sulfite-reductase genes in Saccharomyces cerevisiae (28) can be used to track sulfide
